Phycocyanin is a phycobiliprotein involved in light harvesting and conduction of light to the reaction centers in cyanobacteria and red algae. The structure of C-phycocyanin from Gracilaria chilensis was solved by X-ray crystallography at 2.0 Å resolution in space group P2 1 . An interaction model between two PC heterohexamers was built, followed by molecular dynamic refinement. The best model showed an inter-hexamer rotation of 23°. The coordinates of a PC heterohexamer (αβ) 6 and of the PC-PC complex were used to perform energy transfer calculations between chromophores pairs using the fluorescence resonance energy transfer approach (FRET). Two main intra PC ( 
Introduction
Phycobilisomes (PBS) are auxiliary photosynthetic complexes present in cyanobacteria and eukaryotic red algae. They are composed of phycobiliproteins (PBP) and linker polypeptides. Phycobiliproteins are highly fluorescent proteins due to the presence of covalently bonded chromophores to their cysteine residues, which provide them the functional properties to absorb light at a range of the visible spectrum not fully utilized by chlorophyll. Therefore, improving the light harvesting ability of the algae that contain them [1] [2] [3] .
Phycobilisomes share a general common morphology [4] that consists of a core of face-to-back cylinders formed by stacked discs of PBP and several rods that radiate from the core composed of stacked back-to-back discs of PBP. Linker polypeptides are responsible for the maintenance of this structure, providing the necessary structural environment for efficient energy transfer and for the interaction with the photosynthetic reaction center [1, 5] .
The phycobilisome of Gracilaria chilensis contains three phycobiliproteins: Phycoerythrin (PE), phycocyanin (PC) and allophycocyanin (APC) [6, 7] . The absorption and emission spectra of these proteins overlap, which allows a non-radiative, direct and efficient transfer of the excitation energy among them (PEλ This transfer is channeled along an energy gradient from the rods to the core and finally transferred to chlorophyll a in the thylakoid membrane [1, 3] .
In G. chilensis, the rods are composed of phycoerythrin and phycocyanin [6] . The three dimensional structure of phycoerythrin from this algae was reported in 2001 [7] . The structure of the next component of the rods, phycocyanin, is now presented in this paper. The structures of other phycocyanins from Fremyella diplosiphon (1cpc) [8] , Spirulina platensis (1gho) [9] , Synechococcus vulcanus (1i7y) [10, 11] and Synechococcus elongatus (1jbo) [12] have been reported previously. The structure of phycocyanin from Polysiphonia ureceolata (1f99) [13] and Cyanidium caldarium (1phn) [14] have also been reported. These structures present a common subunit organization that consists of one α subunit (with cyanobilin (CB) associated to Cys84) and one β subunit (with cyanobilins covalently attached to Cys82 and Cys153). They interact to form a heterodimer (αβ) or a "pseudo monomer" that aggregates to form an hexameric ring (αβ) 6 able to pile up to form the main frame of a rod.
The rods in phycobilisomes normally include two or more phycocyanin hexamers and in this alga there are also one or more PE hexamers. Theoretical and experimental studies have been reported regarding the light transfer among chromophores inside one hexameric ring [8, [14] [15] [16] [17] , including models that represent the energy transfer between hexamers [8, 14, 16] . In these studies, preferential energy transfer pathways have been proposed from data calculated using the Förster resonance approach [18] , considering only the chromophore-chromophore distances and a Förster radius of 50 Ǻ as approximation [8] or the orientation among the transition dipole moments in one trimer of phycocyanin [19, 20] . This paper reports the three dimensional structure of phycocyanin from G. chilensis, the building of a docking model of two PC hexamers refined by molecular dynamics and the determination of the constants for the energy transfer in resonance between pairs of chromophores. For the latter purpose the orientation factors between pairs of chromophores were calculated from the dipole moments of their aromatic portions. The transfer constants were used to propose preferential pathways for the light conduction intra and inter hexamers of phycocyanin.
Materials and methods

Protein purification and crystallization
Phycocyanin from G. chilensis was purified according to Gantt [21] . Phycobiliproteins were extracted from algae collected at Coliumo Bay, Dichato, after maceration of N 2(l) -frozen algae, in 20 mM phosphate buffer pH 7.0. The extract was fractionated with ammonium sulphate (30% and 60% saturation). The pellet was dissolved in distilled water and dialyzed against 5 mM phosphate buffer pH 7.0. The phycobiliproteins were separated by anion exchange chromatography (Fractogel EMD DEAE 650S) in an FPLC system (Merck-HITACHI) using 5 mM phosphate buffer as an equilibrium buffer and eluting the proteins with a linear gradient from 5 to 300 mM sodium phosphate pH 7.0. The phycobiliprotein content of the eluted fractions was analyzed by absorption at 566 nm, 621 nm and 651 nm. The phycocyanin-rich fraction was dialyzed against 900 mM phosphate pH 7.0 to precipitate phycocyanin and separate it from other phycobiliprotein contaminants. The phycocyanin precipitate was dissolved in 1 ml of 50 mM phosphate buffer pH 7.0. The protein concentration was estimated by the absorption at 280 nm and the purity was assessed by 12.5% SDS-PAGE and absorption and emission spectra. Crystals were grown by the vapor-diffusion method using sitting-drop insets at 291 K. 1 ml of 50 mM HEPES buffer pH 7.0, 1.2 M ammonium sulphate was used in the reservoir. The 10 μl droplet contained reservoir solution and protein at a concentration of 18 mg ml − 1 in a 1:1 ratio.
Data collection, structure solution and refinement
The data was collected at the IMCA-CAT Synchrotron in Argonne with an ADSQ detector with an exposition time of 10 s per frame (λ = 1.00 Å) and processed with XDS [22] . The initial phases were obtained by Molecular Replacement [23, 24] in the program package CNS [25] using the structure of C-phycocyanin from Spirullina platensis (1gho) [9] as a searching model. Sessions of manual rebuilding with TURBO FRODO [26] and refinement with CNS were performed. Lateral chains were assigned according to the residual electron density maps and to multiple sequence alignment of homologous proteins. After several cycles of refinement in the resolution range 60-2.0 Å the R work and R free converged. The stereochemistry was verified with PROCHECK [27] and the refined model was deposited in the Protein Data Bank (code 2bv8).
Phycocyanin-phycocyanin interaction model
The coordinates of 2bv8 were used for the docking procedure of two phycocyanin molecules performed with the program ZDOCK [28, 29] , with 6°angular steps. The docking models were scored by the program considering desolvation, electrostatic and hydrophobic contributions [30] [31] [32] . The models generated were then analyzed to select those in agreement with the reported electron micrographs images [4] . The selected models were characterized by the number of hydrophobic residues in the interface using the protein-protein interaction server [33] and by the number of H-bonds in the interface using the program HBPLUS [34] . The highest scored rigid model was refined by molecular dynamics using the Force Field OPLS/AA [35] with the program GROMACS [36] , with which a simulated annealing protocol for 200 ps produced the convergence of the system. The coordinates of the chromophores in the final PC-PC interaction model were used to evaluate the energy transfer constants.
Energy transfer calculations
Förster theory has been confirmed to be a good approximation to study the light transfer processes occurring in phycobilisomes [19, 20] . Förster defines [18] a transfer constant k DA as a measure of the frequency of events of energy transfer between a Donor (D) and an Acceptor (A). By introducing appropriate constants, the Förster equation can be expressed as a product of four terms.
where C is a collection of constants that considers a refraction index n = 1.567 [19, 20, 37, 38] , S include the spectroscopic properties of the interacting chromophores, I is the overlap integral between the emission and absorption spectra of the donor and acceptor chromophores respectively as described in [20] . Considering the homology among phycocyanins [39] and the structural similarity of the residues in contact with the chromophores (Fig. 1) , the experimental values included in the terms S and I were assigned as those reported for Synechococcus sp PCC 7002 [19, 20] . The geometric factor G,
includes the distances between the centers of mass for each pair of chromophores R DA , and the dipole orientation coefficient κ DA as described in Eq. (3).
where μ D and μ A are unit vectors describing the direction of the transition dipole moments of the donor and acceptor chromophores respectively and r DA is the unit vector describing the direction of the line that connects the centers of mass of the interacting chromophores. The transition dipole moments were approximated to the dipole moments of the conjugated fragments [40] of the chromophores reported in 2bv8 and calculated by applying the semi empirical method PM3 Hamiltonian implemented in the software Gaussian98 [41] . Energy transfer steps with constants higher than 20 ns − 1 and 10 ns − 1 (transfer times shorter than 50 ps and 100 ps) were used to define intra and inter phycocyanin preferential light transmission pathways respectively. 
Results and discussion
Although other phycobiliproteins are purified along with associated linker polypeptides [42] , SDS-PAGE analysis of the purified phycocyanin of G. chilensis showed no presence of other polypeptides besides the α and β subunits (data not shown).
Purple crystals appeared in one week and continued to grow for three weeks as rombohedral sheets of 0.1 mm high and 1 mm wide. The diffraction pattern of the crystals identified the P2 1 space group with a = 101.99 Å, b = 151.80 Å, b = 101.55 Å, α = β = 90.00°, γ = 117.45°. The structure was solved as described in Materials and Methods, with data collection up to 2.0 Å. Results on the data statistics, refinement and stereochemistry are shown in Table 1 . The good quality of the molecular replacement allowed fitting the template (1gho) onto the electron density maps obtained and substituting the residues as required by the electron density. The lateral chains of highly conserved regions in the structures were maintained (Fig. 1) . One hexamer (αβ) 6 was identified in the asymmetric unit. As non-crystallographic symmetry was not used, each subunit was solved independently 6 times providing confidence in the sequences reported for the α and β subunits. The higher similarity obtained with BLAST [43] was, as expected, with PC from Gracilaria tenuistipitata. Nevertheless, there is also a clear sequence and structural similarity with all the other phycocyanins deposited at the Protein Data Bank, as it is shown on Fig. 1 . The final model converged to a R work of 19.9% and R free of 23.1%. The stereochemistry was also adequate and it is reported on Table 1 , with the exception of Thr 75 , which occupied a disallowed region of the Ramachandran plot. This finding is present in all the structures of phycobiliproteins reported until now, regardless the type of phycobiliprotein or the space group. Asn 72 are methylated in all solved PC, including the one reported in this paper. The crystallographic data has been deposited at the Protein Data Bank under the accession code 2bv8.
Phycocyanin from G. chilensis is formed by six α subunit (162 residues and one phycocyanobilin covalently bound to C 84 ) and six β subunit (172 residues and two phycocyanobilins associated to C 82 and C 153 ). Fig. 2A shows the 2Fo-Fc electron density map corresponding to phycocyanobilin associated to Cys 84 in chain K. Both subunits contain a globulin like fold and they interact to form a heterodimer (αβ) that oligomerises to a hexamer (αβ) 6 as is shown on Fig. 3 . The structure allows the piling up and organization in phycobilisome rods. The hexamer is stabilized by hydrogen bonding and hydrophobic interactions. The structural analysis shows that H-bonds that involve α subunits are participating in the stabilization of the hexamer and those between atoms of the β subunits are responsible for the lateral stabilization of the trimer (αβ) 3 . Aspartic acids (D α 13 , D β 13 , D β 39 ) interact with A and D rings of the respective chromophore. The involvement of Aspartic acids maintaining the curvature of phycobilins has been reported in all the phycobiliproteins [7, 44] and it may be a relevant feature for the biological activity. The docking procedure performed by ZDOCK [29] involved a rigid body interaction of two hexamers of phycocyanin (PC). The models generated were evaluated by the program using desolvation, electrostatic properties and hydrophobic interactions. The top models ranked by ZDOCK reproduced the piling of PBPs as proposed by electron micrographs of the rods [4] . Even though it has been reported that for surface recognition a rigid body approach is adequate, a molecular dynamics procedure with the whole structure was performed in order optimize contacts and to obtain better packed interaction surfaces [45] . The docking complex with the highest hydrophobic character in its interaction surface was refined by molecular dynamics as described in Materials and Methods. This produced modifications in the surfaces while preserving the relative position of the chromophores. The refined model presents a surface with less hydrophobic patches and an increased number of H-bonds (30 to 35) and salt bridges (3 to 7) between hexamers. The final complex is shown on Fig. 4 . A rotation between hexamers was detected, which has previously been reported by Stec et al. [14] in a docking model of phycocyanin from C. caldarium. Thus, the best packing of the hexamers in a rod should be accomplished by a rotation of one over the other. This model allows a better packing of the side chains, increasing the number of interactions and improving the stability of the complex. This stable model was used to establish the coordinates of every chromophore for the determination of the energy transfer network in a PC-PC complex. Previous studies performed by our group [40] for phycocyanin from F. diplosiphon, show that a 20.5°rotation not only improves the packing of hexamers in a PC-PC complex, but also allows the participation of all the chromophores in the light transfer process, explaining the high efficiency of the system. The calculation of k DA between all chromophores pairs was performed using the extended Eq. (1) with the orientation factors calculated from the dipole moments as described in Materials and Methods.
Our results confirm that the transfer constants are very dependent on the geometric and spectroscopic factor of the chromophores, but the dependence is stronger for the distances between chromophore pairs as it is shown on Table 2 . At identical distances, the geometric factor becomes more important. Energy transfer steps for all chromophore pairs in our system were calculated and the value of the inverse of the transfer constant expressed in ps for the intra-or inter-phycocyanin steps are shown on Table 2 . As hexamers of phycocyanin present high symmetry, in previous works, the analysis of possible light transfer pathways were performed in 1/3 of the biological unit. In our case, as the structure was solved with one hexamer per asymmetric unit, slight differences in the conformation of equivalent chromophores were detected, specially for the chromophores at chain E(α 3 84 ) and K(α 6 84 ), which present a rotation of ring D as shown on Fig. 2B . This conformational diversity also contributes to the differences in the values of k DA or k AD for equivalent pairs of chromophores. The most significant differences are observed in the inter-hexamer steps of the pathway shown on Table 2 . Differences of distances and orientation factors explain the different times obtained for equivalent steps.
These effects may be additive considering that the PC-PC complex is the result of a docking procedure.
The analysis of the energy transfer constants suggests two main intra-phycocyanin pathways:
I [15, 20, 46, 47] . In addition, calculated values using comparable approaches in other C-PC show a similar ps timescale [14, 16] .
Most of the calculations performed with phycocyanin hexamers indicate that the transfer between trimers in one phycocyanin ring occurs through α 84 and identify β 82 as the donor between two PC hexamers. A complementary external pathway can be also described through β 153 . As the chromophore groups are distributed along the antenna in the biological structure, every chromophore will receive light continuously either from other chromophores or from the environment, which validates the pathways through β 153 .
Conclusions
Literature describes the analysis of the energy transfer pathways using heterodimers (αβ) trimers (αβ) 3 or subcomplexes of phycobilisomes. In cases where the hexamer was used, it was built using crystallographic symmetry. In this article, the hexameric structure of phycocyanin from G. chilensis was solved experimentally. As the asymmetric unit was the hexamer, it was possible to detect slight differences between equivalent subunits, representing more accurately the biological functional unit.
The structure allowed to build a reliable model of the PC-PC complex, a minimum unit of a rod in phycobilisomes and to describe the light transfer pathways along the rod. The theoretical approach used the Förster equation, previously validated for monomers and trimers, was applied to the higher complex PC-PC, describing two main transfer pathways: An internal pathway of 63 ps that involves β 82 and α 84 and an external of 68 ps that involves β 153 . The existence of two preferential independent pathways, which repeat three times within the complex, explains the high efficiency of the energy transfer in the phycobilisome. This assures that every chromophore that absorbs light has an acceptor, minimizing energy loss, constituting one of the designs of nature that could be imitated for biotechnological purposes. 
